Pokeweed mitogen (PWhi) lectin, known to bind branched poly-N-acetyllactosamines, has a highly selective affinity for human colorectal carcinomas. We performed light microscopic (LM) histochemistry with PWM lectin on pataffin sections of human colorectal tissues. In histological sections, n o d mucosae and adenomas with mild dysplasia exhibited negative reaction (0110,0113, respectively) with or without neuraminidase pre-digestion, whereas adenomas with moderate dysplasia showed a small increase in PWM lectin reactivity after neuraminidase digestion (4/23). In contrast, we observed a high incidence of positive reactivity in colorectal carcinoma without neuraminidase pre-digestion (38/44). After digestion with neuraminidase, there was increased reactivity of colorectal carcinomas in situ (7/12) and invasive carcinomas (13/32). These results imply that human colorectal carcinomas consistently contain substantial amounts of PWMreactive branched poly-N-amtyllactosamine glycoconjugates structures. We also compared the staining patterns of PWM lectin and monoclonal antibodies (MAb) directed to Lewis x (~$1 or ~ewis Y (Ley) antigen. PWM lectin reactivity was largely confiied to the apical membranes of carcinoma tissues. MAb-Lex or MAb-LeY immunoreactivity was seen on the apical membranes and in the cytoplasm of both adenomas and carcinomas. Therefore, histochemical studies with this lectin should be useful for identifation of carcinoma tissues and analysis of glymnjugates associated with colorectal carcinoma. (JIListochem C y " 41:1321-1330,1993) 
Introduction
In humans, neoplastic transformation of the colon mucosa is associated with glycoprotein modification (1) . Lectin histochemistry has important role in discrimination of specific carbohydrate unit alterations, which conventional histochemical techniques cannot perform (2) (3) (4) . Changes in cytological lectin-binding patterns and carbohydrate composition of mucin have been correlated with cell differentiation and malignant transformation in normal and neoplastic tissues ( 5 ) . Carbohydrates of membrane glycopeptides were markedly reduced in tumor tissue and relative proportions of the various sugars were altered (6) . Peanut agglutinin (PNA) lectin and Ulexeuropaew agglutinin (UEA-I) lectin have been used to delineate the altered expression of cancer-associated mucins (7-10). However, these lectins have limited reactivity in adenoma tissue (4). Twenty-five percent of tubular adenomas, 43 % of villous adenomas, and 80% of carcinomas in situ expressed PNA-reactive glycocon-jugates in apical membranes (7) . UEA-I binding was positive for 23/29 left colon cancers, 28/34 rectal cancers and 12/18 adenomas in apical secretions (10). During histochemical examination of human colorectal carcinomas with battery of lectins, we found that pokeweed mitogen (PWM) lectin selectively binds colorectal carcinoma tissue. A few reports (11, 12) on histochemistry with PWM lectin have appeared. It was recently reported that PWM lectin has a highly selective affinity for embryonal carcinoma cells (13), and this lectin was shown to bind branched but not linear poly-Nacetyllactosamine glycoconjugate structures (13) (14) (15) ). Blood grouprelated carbohydrate antigens such as Lewis X (@), Lewis Y (Ley), and their sialylated modifications are expressed in neoplastic colon epithelium but are not usually present in normal mucosa (16) (17) (18) . These antigens are carried by unbranched Type 2 blood-group chain carbohydrates (19, 20) .
In the present study we investigated the affinity of PWM lectin for human colorectal normal mucosae, adenomas, and carcinomas, to elucidate whether PWM lectin binding is related to the adenoma-carcinoma sequence of human colorectal tumors. In addition, since blood group-related antigens L& and Ley are carried on poly-N-acetyllactosamine backbones, we compared the PWM staining pattern with those of Lex and Ley using monoclonal antibodies (MAb) directed to L& and LeY. 
Materials and Methods
Tissue Specimens. Specimens of normal colon mucosae were obtained from 10 surgical resections for colorectal carcinoma. The specimens were dissected out at least 5 cm from the edge of the tumor and were histologically normal. Three specimens of normal colon were from the ascending or transverse colon and seven were from the descending colon, sigmoid colon, or rectum. Thirteen specimens obtained from 13 patients were adenomas with mild dysplasia ranging from 2 to 20 mm in diameter and 23 specimens from 20 patients were adenomas with moderate dysplasia ranging from 4 to 20 mm in diameter. All were obtained by endoscopic polypectomy. Twelve specimens from 12 patients were histologically diagnosed as colorectal carcinomas in situ, ranging from 7 to 18 mm in diameter. All were obtained by endoscopic polypectomy. Thirty-two specimens from 32 patients were histologically confirmed invasive carcinomas. Of these, 12 were obtained by endoscopic polypectomy and 20 were surgically resected. Expert pathologists established the histological classification ofthe colorectal tumors according to WHO criteria (21). The degree of dysplasia complied with the criteria of Morson and Konishi (22), and the stage of the disease was determined by Dukes' classification for colorectal carcinoma (23). Dukes' classification: A, penetration of the muscularis mucosae but not beyond the muscularis, without lymph node metastases; B, penetration beyond the muscularis Pre-treatment with neuraminidase (NANAase). The four categories of reactivity are the same as in Table 1 . without lymph node metastases; C. lymph node involvement; ND, not determined. Histochemical Staining Methods. All specimens were fuced in 10% neutralized formalin with 0.1 M phosphate buffer (pH 7.4) for 24 hr at room temperature (RT). serially dehydrated through a graded ethanol series, and embedded in paraffin. Serial sections were cut at 4-pm thickness and mounted on slides. The following procedures were performed at RT, with certain exceptions described below. Sections were deparaffinizcd, hydrated, and immersed for 20 min in 0.3% HzOz in methanol to inhibit endogenous peroxidase activity. Adjacent sections were digested with neuraminidase from Arthrobacter ureaficzens (Nacalai Tesque; Kyoto, Japan) by the method of Ito et al. (24) before staining with PWM lectin. Briefly, sections were pre-treated with 1% potassium hydroxide in 70% ethanol for 15 min to increase the susceptibility of colon glycoproteins to neuraminidase (25). After washing in distilled water and rinsing in PBS. sections were digested with neuraminidase (0.25 Ulml in 0.1 M acetate buffer, pH 5.3. at 37°C for 18 hr). After washing in PBS, sections were treated with 1% bovine serum albumin (BSA) (Sigma; St Louis, MO) in PBS for 10 min. and then incubated with biotinylated PWM lectin (Sigma) (25 pglml of 1% BSA in PBS) for 1 hr. After rinsing in PBS, sections were treated with strep-[avidin-horseradish peroxidase (HRP) (1400) (Bethesda Research Lab; Gaithersberg, MD) for 30 min. After briefly rinsing in PBS, sections were immersed in diaminobenzidine (DAB) (Dojin Chemical Institute; Kumamoto. Japan) solution (0.02% DAB in 50 mM Tris-!-ICI, pH 7.6, containing 0.003% H202) for 5 min. The sections were then rinsed in taw ---I water and counterstained with hematoxylin. They were dehydrated in a J % .L .
Results
PWM lectin reactivity in normal mucosa, adenomas, and carcinoma tissue, with or without neuraminidase pre-digestion. is summarized in Tables 1 and 2. graded ethanol series, cleared in xylene, and mounted with MX (Matsunami Glass Ind; Osaka, Japan).
As control, incubation with biotinylated PWM lectin was omitted from the staining procedure. Inhibition experiments were performed by adding a hapten sugar to the PWM lectin solution. The hapten sugars used were N-acetyllactosamine (0.24 M) (BioCarb Chemicals; Lund, Sweden), tri-Nacetylchitotriose (0.16 M) (BioCarb Chemicals), galactose (0.2 M) (Nacalai Tesque) or lactose (0.24 M) (Nacalai Tesque). In addition, pre-treatment with p-galactosidase from D $ f o c o c c u s p~e w " k (Boehringer Mannheim; Mannheim. Germany) (0.5 U/ml in 0.1 M acetate buffer, pH 5.3, at 37°C for 18 hr) was performed before the PWM lectin-staining procedure.
Immunohistochemical Staining. To compare PWM lectin staining with that of Lex or Ley, some of the specimens used in PWM lectin histochemistry were immunostained with LeX or LeY (17 invasive carcinomas, six carcinomas in situ, six adenomas with moderate dysplasia, and four adenomas with mild dysplasia). Adjacent sections were largely used. The following procedures were performed at RT. Sections were deparaffinized. hydrated, and immersed for 20 min in 0.3% H202 in methanol. After washing in PBS, sections were treated with 1% BSA in PBS for 10 min and then incubated with murine MAb BG-7 recognizing Lex antigen (MAb-LeX) (1:50) (Signet Lab; Dedham, MA) or BG-8 recognizing Ley antigen (MAb-LeY) (1:200) (Signet Lab) for 3 hr. After rinsing in PBS, sections were treated with rabbit anti-mouse IgM-HRP (1:lOO) (Zymed; San Francisco, CA) for 1 hr, and visualized with the procedures described above. As control, substitution of normal mouse IgM (10 pglml of 1% BSA in PBS) for specific MAb was performed.
Evaluation of PWM Lectin and MAb-Lex and -LeY Staining. In specimens of normal mucosae, adenomas, and carcinomas, every low-power field ( x 10 objective and x 10 ocular) was examined. The reactivity of the specimens was visually estimated by three independent investigators who did not know the identity of the specimens. The sections were evaluated as an average of the percentage of epithelial cells stained in three low-power fieldslsecrion. For visual estimation the following broad categories were employed: -(0%). * (<IO%), + (IO-50%). and + + (>Sooh). 
Normal Mucosae and Adenomaj
Normal mucosae and adenomas with mild dysplasia were never stained with PWM lectin, with or without neuraminidase predigestion (Figures 1A and 1B , Table 1 ). Most adenomas with moderate dysplasia did not react with PWM lectin without neuraminidase pre-digestion. One of these cases is shown in Figure IC . This case was histologically tubular adenoma and exhibited negative reaction with PWM lectin staining with or without neuraminidase predigestion,, except for erythrocytes in blood vessels of the lamina propria. However, only one of 23 adenomas with moderate dysplasia exhibited PWM lectin reactivity without neuraminidase predigestion. The apical luminal border of this adenoma was clearly labeled with PWM lectin, and less than 10% of cells were PWM lectin-reactive (Figure 2A ). In this case, staining intensity of PWM lectin increased after neuraminidase digestion. Furthermore, three adenomas did not exhibit PWM lectin reactivity until after neuraminidase pre-digestion. In these cases, however, the number of PWM lectin-reactive cells after neuraminidase digestion was less than 10% ( Table 1 ). Most PWM lectin-reactive adenomas were histologically tubulovillous adenomas more than 10 mm in diameter. Since no villous adenomas were examined in this study, it was not determined whether PWM lectin reactivity was associated with the villous component.
Carcinomas In Situ
More than half of the carcinomas in situ exhibited positive reaction with PWM lectin without neuraminidase pre-digestion (eight of 12 patients), whereas three cases showed positive reaction only after neuraminidase digestion. Consequently, most carcinomas in situ (11 of 12 patients) reacted with PWM lectin after neuraminidase digestion. Only one case revealed negative reaction with or without neuraminidase pre-digestion ( Table 1) .
Invasive Carcinomas
Most carcinomas that invaded beyond the muscularis mucosae exhibited vivid reaction with PWM lectin, even without neuraminidase pre-digestion, except for two cases of Dukes' Stage A. Without neuraminidase pre-digestion invasive carcinomas tended to react with PWM lectin more than carcinomas in situ. PWM lectin reactivity of each patient in the group of invasive carcinomas is summarized in Table 2 . Figure 2 8 shows a case in Dukes' Stage A NO.^), exhibiting PWM reactivity on the apical luminal border with or without neuraminidase pre-digestion ( Figure 2C ). Thirteen invasive carcinomas showed increased reactivity with PWM lectin after neuraminidase digestion ( Table 2) . Representative cases are shown in Figure 3 . Case 17, diagnosed as moderately differentiated adenocarcinoma, showed reactivity on the apical membrane after neuraminidase digestion ( Figures 3A and 3B) . Case 24 was a histologically poorly differentiated adenocarcinoma with signet-ring-cell carcinoma. The cytoplasm of the carcinoma cells clearly reacted with PWM lectin after neuraminidase digestion ( Figures 3C and 3D ). It is not likely that PWM reactivity correlates with the histological grades of differentiation of colorectal carcinoma, and with Dukes' classification, particularly with regard to lymph node metastases. Furthermore, PWM lectin reactivity of human colon tissue did not correlate with the ABH blood group types of the patients.
Controls for PWM Lectin Staining
Omission of biotinylated PWM lectin resulted in negative staining. Pre-incubation of PWM lectin with 0.24 M N-acetyllactosamine 
Comparative Histochemistry of P WM Lectin, MAb-Lex, and MAb-Le
Staining results with PWM lectin, MAb-LeX, and MAb-LeY are summarized in Tables 3 and 4 . Neither MAb-LeX nor MAb-LeY stained normal mucosa. Serial sections of invasive carcinomas (17 cases), carcinomas in situ (six cases), adenomas with moderate dysplasia (six cases), and adenomas with mild dysplasia (four cases) exhibited different antigen distribution patterns. Representative cases are shown in Figures 6 and 7 . Figure 6 shows two cases of invasive carcinoma in Dukes' Stage A (No. 2 in Table 3 ) (Figures 6A-6C ) and Stage C (No. 16 in Table 3 ) ( Figures 6D-6F ). PWM lectin staining was positive on the apical luminal border of carcinoma tissue ( Figure 6A ). MAb-LeX immunostaining was positive not only on the apical luminal border but also in the cytoplasm of carcinoma cells. Moreover, adjacent glands of adenomas also expressed Lex antigen ( Figure 6B ). Expression of LeY antigen was also detected on the apical luminal border and in the cytoplasm of carcinoma tissue ( Figure 6C ). In this case, strong reactivity was obtained by MAb-LeX. In the latter, PWM lectin showed a strong reaction on the apical luminal border ( Figure 6D ). However, MAb-LeX immunostaining could be traced only with difficulty ( Figure 6E ). Antigen distribution patterns obtained by MAb-LeY were similar to those of the former case ( Figure 6F ). Two cases of adenoma with moderate dysplasia are shown in Figure 7 (No. 7 of Table 4 in Figures  7A-7C and No. 9 in Figures 7D-7F ). The former case was negative with PWM lectin ( Figure 7A ) and showed positive reaction on the luminal border of tubular structures with MAb-LeX and MAb-LeY ( Figures 7B and 7C ). In the latter, although the villous part of the adenoma was also negative with PWM lectin, expression of Lex and Ley antigen was detectable on the luminal border ( Figures 7D-7F ). Table 2 . ND. not dctcrmincd. The four categories of reactivity are the same as in Table 1 Table
Compatiron of PWM lectin with MAb-Lex ana' MAb-Le reactivity in carcinoma in situ ana' adenoma
No. ND. not determined. The four categorics of reactivity arc the same as in Table 1 .
Age
Strong reactivity was obtained by MAb-Ley in this case. As con- . differentiated components are altered extensively during carcinogenesis (26). In the present study we have demonstrated an obvious difference in PWM lectin reactivity between colorectal carcinomas and non-neoplastic colorectal mucosae. These results imply that the altered expression of PWM lectin-binding glycoconjugates is involved in adenoma-carcinoma sequences, indicating that the great preponderance of colorectal carcinoma arises in a pre-existing adenoma (27.28). To the best of our knowledge this is the first report of altered expression of PWM lectin-binding glycoconjugates in human colorectal carcinomas. The increase in the number of cases showing PWM reactivity after neuraminidase digestion could be explained in terms of inhibition of lectin binding to intrinsic poly-N-acetyllactosamine residues by terminal sialic acid residues. This modification, however, does not necessarily imply that PWMreactive residues are situated in the penultimate position adjacent to sialic acid residues. Rather, it seems to be due to steric hindrances by sialic acid residues (29) that block PWM lectin binding to neighboring sugar groups consisting of poly-N-acetyllactosamine residues without neuraminidase pre-digestion. Ota et al. (30) have previously demonstrated that Gkffonizsimplicifoliz agglutinin-I1 (GSA-11) and PNA lectin-reactive carcinoma cells were more widely distributed in human colorectal invasive carcinoma than in carcinoma in situ. A recent histochemical study using a plant lectin leukoagglutinin, Pbaseolus vulgaris agglutinin (LPHA) (31) has demonstrated that b-1-6 branching of complex-type oligosaccharides in-creases in a number of human breast and colon neoplasia and that the intensity of LPHA staining is correlated with the pathological stage of the disease. The present study with PWM lectin did not reveal any definite correlation with pathological stage in the invasive carcinomas. However, it seemed likely that invasive cases were much more lectin-reactive as compared with cases of carcinoma in situ. Further examination is needed with regard to invasion and metastasis of carcinomas. Incidentally, a human MAb reacting with repeated unbranched polylactosamine structures has been reported to specifically label human colon cancer (11 positive cases out of 17 cases), hepatocellular carcinoma (eight out of 12). and lung cancer (24 out of 39), with limited exceptions of myelocytes, bronchial glands, and pancreatic duct epithelia in normal tissues (32). Irimura and Nicolson (33) have reported that PWM isolectins Pa-1, Pa-2, and 4 bind to poly-N-acetyllactosamine structures such as those in human erythrocyte band-3 glycoprotein. These isolectins bind strongly to highly branched, blood group I-antigenic saccharide structures present in adult erythrocytes and more weakly to erythrocytes in blood vessels of human umbilical cord containing essentially linear N-acetyllactosamine chains. Muramatsu and Muramatsu (13) have shown that PWM lectin exhibits a strong affinity for branched poly-N-acetyllactosamines of embryoglycan from embryonal carcinoma cells derived from stem cells of mouse teratocarcinoma. Consequently, combined with this previous evidence, the results of our control experiments for PWM lectin staining strongly suggest that PWM lectin binds branched poly-N-acetyllactosamine structures expressed on human colorectal carcinomas.
Discussion
We compared the staining pattem between PWM lectin and MAb-Q, MAb-LeY. PWM lectin reacted more specifically to carcinoma tissue and displayed a different staining pattern from that of MAb-LeX and -Ley. and Ley antigens are carried by an unbranched Type 2 blood group-related antigen, and there is consensus that Lex and Ley antigen expression appears to increase in colorectal adenoma, correlated with the degree of dysplasia (34). On the other hand, PWM lectin is bound to branched poly-Nacetyllactosamines. These findings suggest that PWM lectin recognizes different glycoconjugates of carcinoma tissues from those detected by MAb-@ or MAb-LeY. Further study on the structure of the PWM binding glycoprotein isolated from carcinoma tissue is necessary to clarify the nature of the carcinoma-specific antigen detected with this lectin and its relationship to LeX and LeY antigen.
In summary, the results of the present study show that PWMreactive branched poly-N-acetyllactosamines are consistently increased in human colorectal carcinomas in comparison with adenomas. Therefore, PWM lectin should be useful for identification of human colorectal carcinoma tissues and for analysis of carcinomaassociated antigens involved in adenoma-carcinoma sequences.
